ABSTRACT: Freshwater flow into estuaries during periods of high rainfall is considered to enhance the biomass of primary producers, with positive effects propagating to higher trophic groups. We examined the effect of flow on chlorophyll a (chl a) concentrations and meiofaunal abundance on the intertidal mudflats in a wet-dry tropical estuary in the Norman River, northern Australia. Meiofaunal density and sediment chl a concentrations (microphytobenthos) were signifi cantly reduced during 2 consecutive wet season floods (the first, a major flood; the second, minor). Additionally, a short-term study of primary productivity on the mudflats during the minor flood measured rates below detection limits. The effects of salinity and burial by sediment on chl a concentrations and meiofaunal abundance were examined experimentally. Both the sudden and prolonged changes in salinity and sediment movement, and subsequent sedimentation as a result of wet season floods were the likely causes of the reduced meiofaunal density, chl a concentrations and benthic primary production. In the short term, large floods in the wet-dry tropics appear to act more as a disturbance event than a subsidy for benthic estuarine biota, and any positive effects of the flood may not occur until flooding eases. Additionally, we propose that there is a transitional period between the typical wet and dry seasons in the wet-dry tropics, during which flood waters are dissipating and the initial impact of the flood has abated, and there are positive effects on meiofauna and microphytobenthos biomass.
INTRODUCTION
Estuaries are highly productive coastal systems valued for their ecosystem services, which include providing habitat and breeding areas for birds and aquatic fauna, cycling nutrients and trapping sediment (Dürr et al. 2011 , Milliman & Farnsworth 2011 . Estuarine function is strongly connected to adjacent freshwater, marine and terrestrial systems, and estua rine biota can be considered physiologically adapted to the variable nature of estuaries (Elliott & Whitfield 2011 ). For instance, several studies directly relate freshwater flow to fishery catches of estuarinedependent species, with either positive or negative relationships (Sobrino et al. 2002 , Robins et al. 2005 , Gillson 2011 ). Freshwater inflows to estuaries serve a variety of important functions, including prevention and alleviation of hypersaline conditions, creation of important habitat, as well as downstream delivery of sediment and nutrients (Loneragan & Bunn 1999 , Alber 2002 , Gillanders & Kingsford 2002 , Kim & Montagna 2009 , Gillson 2011 .
The role of freshwater flow in estuarine function and productivity is particularly important in the wet-dry tropics, where freshwater flow is both highly seasonal and highly variable, and reproduction, migration and growth of biota are adapted to this strong seasonality (Bunn & Arthington 2002 , Robins et al. 2005 , Elliott & Whitfield 2011 . The wet-dry tropics cover northern Australia, parts of Indo-China, India, central Africa, Central and South America (Peel et al. 2007 , Warfe et al. 2011 . Unlike many similar systems in India and Africa, most rivers in the wet-dry tropics of northern Australia possess natural flow regimes as well as low catchment development, and are classified as near pristine (National Land and Water Resources Audit 2002, see Pusey 2011) . In the face of planned water resource development in northern Australia, which will regulate and possibly reduce flooding, an understanding of the interactions be tween estuarine biota and freshwater flow regime in these rivers is essential.
Microphytobenthos (MPB) and meiofauna are useful for studying the impact of freshwater flow regimes on estuarine productivity and function because they respond quickly to changes in their environment with little or no lag effect, they have a limited ability to leave the estuary during periods of increased flow, are relatively easy to sample and highly abundant in estuarine sediments (Livingston 1997 , Kennedy & Jacoby 1999 , Grego et al. 2009 ).
Meiofauna have frequently been used to study the change in aquatic species diversity along a salinity gradient from freshwater to marine (Remane & Schlieper 1971 , Giberto et al. 2007 , Whitfield et al. 2012 . They have also been used in disturbance studies to characterise the impact of various pollutants along a gradient within rivers and estuaries, as well as through time (Moreno et al. 2008 , AmiardTriquet & Rainbow 2009 , Santos et al. 2009 ). Meiofauna and MPB are also important components of estuarine food webs, providing a major food source for higher trophic groups, and linking benthic and pelagic food webs (Wassenberg & Hill 1993 , Nozais et al. 2005 , Kromkamp et al. 2006 . MPB can contribute more primary production to an estuary than saltmarshes, seagrasses or mangroves (Kennish 1990) , and MPB biomass is often greater than that of phytoplankton (MacIntyre et al. 1996 , Burford et al. 2008 . Additionally, meiofauna on intertidal mudflats have been found to contribute up to one third of the production within the primary consumer trophic level of estuaries (Coull 1999 , Barros et al. 2008 , Giere 2009 ).
Much of the research on the impact of freshwater flow on estuarine MPB and meiofauna has been done in temperate systems, and it is largely from these that theories of flow effects have been developed. Tropical systems are less well studied. In the wet-dry tropics, where patterns of freshwater flow are extreme, very little research exists examining the effects of freshwater flow on estuarine productivity. This study examines the response of MBP (and settled phytoplankton cells) and meiofauna on intertidal mudflats to seasonal patterns of freshwater flow in the Norman River Estuary, and tests the theory that periods of increased freshwater flow to the estuarine ecosystem increases the biomass of primary producers, with flow-on effects to higher trophic groups. Key physical changes in the estuary associated with seasonal changes in freshwater flow are identified, including distinct periods of change within the estuary before, during and after 2 different flood events.
MATERIALS AND METHODS

The Norman River Estuary
Located in the wet-dry tropics of northern Australia, the Norman River (17.463°S, 140.82°E) is a dryland river system (Fig. 1) . The climate is characterised by high temperatures and humidity (mean annual min. temperature = 20°C, mean annual max. temperature 31°C, relative humidity = 60%; Australian Bureau of Meteorology, www.bom.gov.au), with distinctly monsoonal rainfall resulting in alternating patterns of summer wet (December to March) and winter dry periods (April to November). During the dry season, no freshwater flow enters the estuary and it becomes hypersaline, whereas during the wet season, there is often an extended period of widespread overbank flooding. The Norman River Estuary is a tide-dominated estuary, with a diurnal tidal cycle in the range of 3 to 4 m. Extensive intertidal mudflats dominate the channel area and the few tidal creeks of the estuary. Per unit area, mangroves are estimated to have the largest pool of carbon in the Norman River Estuary (5 118 796 mg C m −2 ), followed by intertidal sediment excluding MPB and meiofauna (9810 mg C m ) and meiofauna (< 6 mg C m −2 ) (Duggan 2012) .
Sampling regime
The intertidal mudflats of 2 channel sites ( Fig. 1 ; Sites 1 and 3) and 3 creek sites ( Secchi depth was recorded, and temperature, salinity, oxygen and pH were measured at the surface of adjacent water using a calibrated datalogger (Sonde) at the same time as sampling of the mudflats. In Nov 2009 (dry season) and Feb 2010 (wet season), sediment was collected from Sites 1, 3 and 4 for measurements of benthic oxygen fluxes, to determine benthic primary productivity.
Three replicate sediment surface cores of 1 cm depth and 2.4 cm diameter were collected fortnightly from the low intertidal area of each site for analysis of chl a. Core samples were taken from a boat, to avoid the occupational hazard of crocodiles. Samples were immediately frozen in a standard freezer for transport to the laboratory, where they were stored at −80°C prior to analysis. Chlorophyll was extracted in 100% acetone by sonicating for 1 min on ice (Branson Sonifier 450) and measured spectrophotometrically with and without addition of hydrochloric acid (2 drops of 2N HCl). The acid factor was calculated and, if the resulting value was ≥1.7, the trichloromatic method of Jeffrey & Humphrey (1975) was used to calculate chl a. If the acid factor value was <1.7, the monochromatic method of Lorenzen (1967) was used.
Three replicate sediment cores of 2 cm depth and 3 cm diameter were collected from the low intertidal area for meiofaunal abundance using a modified 50 ml syringe attached to a pole. For preservation of contractile and soft bodied meiofauna, animals were anesthetized prior to fixation as recommended by Giere (2009) , using 7% magnesium chloride hexa hydrate with seawater. After 10 min, Sören -sen's Buf fer (10% phosphate-buffer ed formalin in seawater) was added to the sediment (Giere 2009 ). In the laboratory, samples were transferred to 70% ethanol dyed with Rose Bengal for storage. Meiofauna were extrac ted from the sediment using a modified version of the Ludox flotation method (Giere 2009 ). Each sample was divided into 4 tubes with approximately a 5 ml volume of sediment in each, then Ludox® (AM-30 colloidal silica, 30 wt % suspension in water) was added. Tubes were shaken and centrifuged (Ep pendorf Centrifuge 5810 R) for 10 min at 1000 rpm. The supernatant was filtered through a 5 µm mesh, and retained meiofauna were identified using a dissecting microscope. Nematodes and copepods dominated the meiofauna to the point where they were often the only taxa present; all statistical analyses were thus on these 2 taxa. At regular intervals, the remaining sediment was examined to ensure that meiofauna were not missed. This method resulted in 92% of copepods and 97% of nematodes extracted from the sediment.
Oxygen flux measurements
Replicate cores of sediment from Sites 1, 3 and 4 ( Fig. 1) were collected in Nov 2009 (dry season) and Feb 2010 (during the minor flood) to compare primary productivity (as measured by oxygen fluxes) of the mudflats before and during flood conditions. Sediment to a depth of 5 cm was collected from intertidal mudflats prior to 08:00 h using clear Perspex cores (4.5 cm diam.). Water collected at the site of sediment collections was added on top sediment in each core (87 ml) to ensure there were no air bubbles, and cores were sealed with clear lids. Four cores from each site were completely covered in black fabric to remove light (dark treatment), and another 4 cores from each site remained uncovered in full sunlight (light treatment) throughout the day (from approx. 08:00 until 18:00 h). Cores were incubated in continuously flowing estuarine water to maintain ambient water temperature. Cores were equilibrated for 1 h, then dissolved oxygen and temperature in the overlying water were recorded hourly for 5 h until late in the evening using a Presens ® fiber-optic oxygen sensor (FIBOX) and oxygen-sensitive optode patches glued to the inside wall of each core (Presens). In this short-term study, an incubation time of approximately 5 h with regular measurements during this period was found to be sufficient for a substantial change in oxygen concentrations, and dissolved oxygen fluxes were calculated from the linear regression of dissolved oxygen measurements as a function of incubation time, standardised to area and converted to carbon dioxide fluxes.
Non-biological changes in dissolved oxygen were measured using controls with only deionised water and no sediment, and accounted for when calculating dissolved oxygen fluxes. A preliminary study was also conducted which compared dissolved oxygen fluxes measured in cores at night with cores that were covered in black fabric during the day. This was done to ensure that simulating night/dark conditions by covering cores in black fabric represented night time respiration.
Effect of salinity
Twelve cores of mudflat sediment from Site 1 (Fig. 1) were collected as outlined in the previous subsection to examine the impact of reduced salinity on benthic oxygen fluxes. Sediment was collected for experiments in the 2009 dry season (Nov), when mean salinity in the estuary was 34.2 (SD 3.7). There were 3 salinity treatments: zero (freshwater), 25 (intermediate) and 35 (marine), and each treatment had 4 replicates. Deionised water was added to the top of each core for the freshwater treatment. Aquarium salt (Aquasonic Ocean Nature) was mixed with deionised water to a salinity of 25 and 35 for the intermediate and marine salinity treatments, respectively, and added to cores. The salinity in the marine treatment matched ambient estuarine conditions at the time of the experiment. Cores were sealed and incubated as outlined in the previous subsection, and allowed to equilibrate for 1 h before dissolved oxygen and temperature in the overlying water were recorded hourly for 23 h using a Presens ® oxygen sensor. Measurements were divided through time into light (day) and dark (night) measurements. Dissolved oxygen fluxes were calculated as above.
Salinity/burial experiment
An experiment was conducted in Nov 2009 (dry season) to examine the response of microphytobenthos and meiofauna to 3 levels of sediment deposition: no burial, low burial (1 cm) and high burial (3 to 4 cm), and to 2 different salinity conditions: freshwater salinity (0) and marine salinity (35). A factorial design was used for the 2 salinity and 3 burial treatments, resulting in a total of 6 treatment combinations with 4 replicates each.
Sediment for the experiment was collected from the low intertidal zone of Site 1 (Fig. 1 ) using clear Perspex cores (6 cm diam.) with a rubber bung in the bottom of each core. Cores were incubated in running water to maintain ambient water temperatures, and left to equilibrate in ambient light and temperature conditions with no overlying water for approximately 12 h (the duration of low tide). Water and additional sediment (to replicate burial) were then mixed thoroughly and poured into each core in a factorial design according to the 3 burial and 2 salinity treatments outlined above. Sediment added to cores to imitate burial had been previously collected from intertidal mudflats during flooding, and kept frozen for the purpose of this experiment. Deionised water was used for freshwater treatments, and aqua rium salt was added to deionised water to a salinity of 35 for marine treatments.
Cores were incubated for 7 d in continuously flowing estuarine water to maintain ambient water temperature, and subject to ambient light conditions (full sunlight during the day, no sunlight during the night). In the afternoon of Day 7, samples were collected from sediment added to cores to simulate burial before being scraped off, and cores (2.4 cm diam.) of sediment were collected from the original (not overlying) sediment in each core. All samples were collected for chl a analysis and meiofaunal abundance estimates. Samples were collected to a depth of 1 cm, and were processed using the same method already outlined for measuring chl a concentrations and meiofaunal abundance.
Data analysis
The effect of region within the estuary (Lower estuary: Sites 1 and 2; Upper estuary: Sites 3, 4 and 5) ( Fig. 1 ) and season (dry season, wet season and transitional period) on salinity, chl a concentration, copepod and nematode densities were examined using 2-way between-groups ANOVA. These analyses were used to explore the extent of effects from floods of different magnitudes on these parameters. Compa risons between years were made using a t-test for salinity, chl a concentration, copepod and nematode densities. A partial correlation was used to explore the relationships between chl a concentration, salini ty, temperature, nutrient and Secchi depth, while controlling for salinity. A one-way between-groups ANOVA with a Tukey post-hoc test was carried out on oxygen flux measurements made in both the dry and wet seasons for seasonal comparisons. The same test was carried out on oxygen flux experiments to examine differences between salinity treatments. Impacts of different levels of burial and different salinities on chl a concentrations in the salinity/burial experiment were analysed using a 2-way between-groups ANOVA. Checks of assumptions were performed for all tests, and where assumptions could not be achieved even with transformation, results were interpreted cautiously by using an adjusted alpha value of 0.01.
RESULTS
Major flood
During the wet season associated with the major flood (Jan to Mar 2009), there was no exposure of the intertidal mudflat at low tide. Mean salinity for the estuary during the wet season was 0.2 (SD 0.2), which was significantly (p < 0.001) lower than salinity in the previous dry season (mean 33.2; SD 1.8) ( Table 1 ). The transitional period after the wet season started in late Mar 2009, and was still in effect in early Jun 2009. Mean salinity in the transitional period after the major flood was 12.0 (SD 14.0), which was significantly lower than the dry season pre-flood (p < 0.001) and significantly higher than during the wet season (p < 0.001) ( Table 1) . During the wet season, mean chl a concentration throughout the estuary was 13.0 mg m −2 (SD 3.7), which was significantly lower than the 32.5 mg m −2 (SD 14.1) measured in the preceding dry season (p < 0.01), and was significantly lower than the 67.8 mg m −2 (SD 4.7) measured in the transitional period after the flood (p < 0.01) (Fig. 2) . Mean chl a concentrations measured in the transitional period after the major flood was significantly higher than concentrations measured in the dry season before the flood (p < 0.001) (Fig. 2) . In the first year of sampling (major flood), phaeopigments were a small proportion of chlorophyll measurements, ranging from 0.6 to 3.3% of the chl a, and did not vary seasonally (Table 1) . Chl b, as a measure of green algae, was present in proportions ranging from 18.9 to 50.8% of chl a. There was no evidence of seasonal differences. Chl c, principally as a measure of diatoms, was present in proportions similar to chl b (19.9 to 61.6%, relative to chl a), and there was no evidence of seasonal differences.
Mean copepod density was 0.2 ind. 10 cm −2 (SD 0.1) during the major flood, which was significantly lower than the 1.5 ind. 10 cm −2 (SD 0.2) measured in the dry season before the flood (p < 0.01) (Fig. 2) . In the transitional period after the flood, mean copepod density was 0.9 ind. 10 cm −2 (SD 0.2), which was not significantly different to densities before or during the major flood (p > 0.05) (Fig. 3) . During the major flood, mean nematode density was 3.0 ind. 10 cm −2 (SD 0.9), which was significantly lower than the 9.8 ind. 10 cm −2 (SD 1.4) measured before the flood (p < 0.001) and the 8.2 ind. 10 cm −2 (SD 0.4) measured in the transitional period after the flood (p < 0.01) (Fig. 3 ). There were no significant differences in mean nematode density between the dry season before the flood and the transitional period after the flood (p > 0.05) (Fig. 3) . 
Minor flood
During the wet season resulting from the minor flood, intertidal mudflats were exposed at low tide, but the extent of exposure was less than during the dry season. Mean salinity throughout the estuary during the minor flood (wet season) was 4.3 (SD 6.3), which was significantly (p < 0.001) lower than salinity in the dry season before the minor flood (mean 31.79, SD 4.2; Table 1 ). Mean salinity in the transitional period after the minor flood was significantly lower than salinity before the flood (p < 0.001) at 7.0 (SD 9.7), and was not significantly different to during the flood (p > 0.01).
During the minor flood, mean chl a concentrations were 33.2 mg m −2 (SD 7.5), which was significantly lower than the 56.9 mg m −2 (SD 12.8) measured before the flood (p < 0.001) (Fig. 2) . Concentrations in the transitional period after the minor flood were 59.2 mg m −2 (SD 3.1), which was significantly higher than during the flood (p < 0.01), but were not signifi- Samples were collected monthly during the dry season, and fortnightly during the wet season. Values in parentheses are mean copepod and nematode densities for the dry season, the wet season and the transitional period. Note: salinity and nematode density displayed on primary y-axis (using the same scale); copepod density displayed on secondary y-axis , respectively, and were not significantly different from each other (p > 0.05) (Fig. 3) . Mean nematode densities before, during and after the minor flood were 19.3 (SD 5.6), 7.9 (SD 4.2) and 8.7 (SD 0.6) ind. 10 cm −2 , respectively, and again were not significantly different from each other (p > 0.05) (Fig. 3) .
Region comparison
There was no significant difference in nematode or copepod density, or chl a concentration between the upper and lower estuary during the first dry season or the first wet season (p > 0.05). There was no significant difference in nematode density or chl a concentrations between the upper and lower estuary during the first transitional period (p > 0.05), however, copepod density was significantly higher in the lower estuary (p < 0.05).
Chl a concentrations were significantly higher in the lower estuary (p < 0.005) during the second dry season, while there were no significant differences in nematode and copepod densities between regions (p > 0.05). During the second wet season (minor flood), copepod density was significantly higher in the lower estuary then the upper estuary (p < 0.001), and there were no significant differences in nematode density or chl a concentrations between regions (p > 0.05). There were no significant differences in nematode or copepod density, or chl a concentrations between regions during the second transitional period (p > 0.05).
Season comparison
There was no significant difference in salinity, copepod or nematode densities between the first (2008) and second dry seasons (2009) (p > 0.05); however, chl a concentrations were significantly higher in the second dry season than the first (p < 0.001). Chl a concentrations were also higher in the second wet season (2010, minor flood) than the first (2009, major flood) (p < 0.001), as was salinity (p < 0.01), and nematode density (p < 0.01). Copepod density was not different between the first and second wet seasons (p > 0.05). There was no significant difference in salinity (p > 0.05), chl a concentrations (p > 0.05) or nematode densities (p > 0.05) between the transitional period after the major flood (2009) and the transitional period after the minor flood (2010). Copepod density was higher in the first transitional period than in the second (p < 0.05).
Correlations between parameters
There were positive correlations (albeit with low r values) between chl a concentrations and salinity (r = 0.26, df = 216, p < 0.005), between copepod densities and salinity (r = 0.40, df = 141, p < 0.005), and be tween nematode densities and salinity (r = 0.27, df = 207, p < 0.005) ( Table 2 ). There were positive partial correlations between chl a concentrations and temperature (r = 0.23, df = 215, p < 0.005), and between nematode density and chl a concentration (r = 0.25, df = 206, p < 0.005) while controlling for salinity, although the r values were also low ( Table 2 ). The zero order correlation (r = 0.23, and r = 0.30, respectively) suggests that controlling for salinity had no effect on the strength of correlations between chl a concentration and temperature, or between nematode density and chl a concentrations. Table 2 . Normal Pearson product-moment correlation matrix between variables, with and without partitioning salinity from the analysis (above and below the diagonal, respectively). Values in bold are statistically significant (2-tailed, p < 0.05)
Oxygen flux measurements
An independent samples t-test analysis showed that there were no significant differences in dissolved oxygen fluxes between cores incubated at night and cores covered in black fabric but incubated during the day (p < 0.05, df = 6). There were no significant differences in oxygen fluxes between sites (Sites 1, 3 and 4) (p > 0.05, df = 1). Oxygen fluxes were significantly higher under full sunlight in the dry than the wet season (F = 124, p < 0.01) (Fig. 4) . There was also a significant difference in oxygen fluxes between the dry and wet seasons under dark conditions (F = 66.9, p < 0.01) (Fig. 4) . Adjusted alpha values were used where the assumption of homogeneity of variance was violated. Based on the oxygen fluxes, production versus respiration ratios were calculated to be 48:1 in the dry season and 0.6:1 in the wet season.
Salinity response experiment
There were no significant differences in oxygen fluxes measured in any of the salinity treatments 
Burial/salinity experiment
Chl a concentrations were significantly higher in the 'no burial' treatment compared to the 'high burial' treatment (p < 0.005), and there was no effect of 'low burial' (Fig. 5) . Copepod density was significantly higher in the 'no burial' treatment compared to the 'low burial' treatment (p < 0.005) and the 'high burial' treatment (p < 0.005) (Fig. 5 ). There were also significantly higher densities of copepods in the 'low burial' treatment compared to the 'high burial' treatment (p < 0.005). Nematode density was significantly lower in the 'high burial' treatments compared to 'no burial' (p < 0.005) and 'low burial' (p < 0.005). There was no interaction between burial and salinity for chl a (F = 1.2, p = 0.34) copepod density (F = 1.6, p = 0.23) or nematode density (F = 2.0, p = 0.16). There was no statistically significant difference in chl a concentrations between salinity treatments (F = 3.7, p > 0.05) after 7 d. However, there were significantly fewer copepods (F = 95.5, p < 0.005) and nematodes (F = 69.7, p < 0.005) in the freshwater treatment compared to the marine treatment. There was a statistically significant effect of burial on chl a concentrations (F = 9.0, p ≤ 0.005), copepod density (F = 209.2, p < 0.005) and nematode density (F = 55.7, p < 0.005). 
DISCUSSION
Compared to other tropical estuaries, biomass of MPB (and associated settled phytoplankton cells) in the Norman River Estuary was within the range of both tropical and wet-dry tropical estuaries (e.g. Alongi 1987 , Montani et al. 2003 , Pinckney et al. 2003 , Nozais et al. 2005 , Perissinotto et al. 2006 , Burford et al. 2008 ). Even at the lower range of chl a concentrations found in the Norman River Estuary (2.7 mg m , and in Africa, concentrations were 1.4 to 480 mg m −2 (Nozais et al. 2005) . Chlorophyll biomass on the mudflats in our study was approximately double the phytoplankton (Burford et al. 2012 , Duggan 2012 , on an areal basis, in the estuary. Therefore, the mudflats were likely to be significant contributors to the productivity of higher trophic levels.
In the dry season, the mudflats were net autotrophic, and C turnover was calculated to be approximately 1 d (Duggan 2012) . Areal primary productivity was higher than that in a South African estuarine lake (van der Molen & Perissinotto 2011) and a marsh tidal creek in the Gulf of Mexico (Cebrian et al. 2008) , but lower than a tropical harbour in northern Australia which had a large mangrove forest area (Burford et al. 2008) . The chlorophyll-specific primary productivity was also lower than the tropical harbour in Australia.
Meiofaunal abundance, on the other hand, was at the lower end of abundances found in other tropical estuaries, including those in the wet-dry tropics (Hodda & Nicholas 1990 , Alongi 1987 , Ingole & Parulekar 1988 , Nicholas et al. 1992 , Ansari et al. 2001 , Pinckney et al. 2003 , Nozais et al. 2005 . For example, in the Norman River Estuary, mean nematode density was 9 ind. 10 cm −2 (range = 0 to 82), whereas densities in other tropical Australian estuaries ranged from 3 to 987 ind. 10 cm −2 (Alongi 1987) . In a temperate Australian estuary, densities were even higher, ranging from 180 to 1250 ind. 10 cm −2 (Nicholas et al. 1992 ) while in tropical Africa, densities were 149 to 4767 ind. 10 cm −2 (Pinckney et al. 2003) . It is likely that the extremes in the seasonal hydrological regime in our study, i.e. larger flood magnitude (flow volume) making mudflat habitat unsuitable, combined with periods of no flow when nutrient availability would be low (Burford et al. 2012) , contributed to these differences. Compared with MPB biomass estimates of 2167 ± 1058 mg C m −2 , meiofaunal biomass in our study was only 5.0 ± 0.3 mg C m −2 (Duggan 2012 ). This suggests that meiofauna were not limited by food availability, and that other factors were regulating their biomass.
We consider that reduced salinity in the Norman River Estuary and increased sediment mobility (sediment deposition, and potentially scouring) on intertidal mudflats during floods were the primary cause of reduced copepod and nematode densities in this period. Salinity was below 4 for approximately 2 to 3 mo, and our study showed that salinity correlated positively with both nematode and copepod densities. In manipulative experiments, both nematodes and copepods were at lower densities in the freshwater compared to the marine treatment. Salinity is one of the most important physical factors known to regulate meiofaunal density on intertidal mudflats in both temperate and tropical estuaries (Forster 1998 , Moens & Vincx 2000 , Montagna et al. 2002 . In wetdry tropical India, similar seasonal patterns of meiofaunal density were determined, with meiofaunal density decreasing quickly during monsoonal floods, and densities being positively correlated with salinity (Ingole & Parulekar 1998 , Ansari et al. 2001 ). High mortality rates of meiofauna associated with flood events have also been found in other monsooninfluenced systems (Ólafsson 1995 (Ólafsson , Nozais et al. 2005 , as well as a temperate Australian estuary with a highly modified flow regime resulting in large episodic flood events (Nicholas et al. 1992) . In all studies, low salinity was considered the primary cause of reductions in meiofaunal density during floods.
In addition to the effect of salinity, burial by sediment deposition during floods also impacted meiofaunal abundance. Visual examination of intertidal mudflat sediment during our study revealed deposition of fine-grained sediment transported downstream in flood waters during wet season flooding. Scouring was also observed once flooding reduced and mudflats were exposed once again, and is also likely to have removed meiofauna from mudflats. The amount and location of sediment deposition and/or scouring was not measured in this study for logistical reasons and was not a focus of this study. Sediment grain size is reported in the literature as a major regulator of meiofaunal densities, due to its role in determining the depth of the anoxic zone (Giere 2009 ). In fine mud (similar to that of the intertidal mudflats of our study), the anoxic zone is typi-cally found 2 to 3 cm below the sediment surface (Giere 2009 ). The anoxic zone limits the depth to which meiofauna can bury to escape unfavourable conditions, such as reduced salinity. Evidence of sediment movement (deposition and scouring) on intertidal mudflats was observed during both wet seasons in this study. Our experiments showed that meiofauna responded negatively to burial. Burial of meiofauna in 4 cm deep sediment significantly re duced both nematode and copepod density, and burial of meiofauna in 1 cm deep sediment significantly reduced copepod density. No meiofauna were found in the overlying sediment, suggesting meiofauna may have a limited ability to migrate to the surface in order to avoid the negative effects of falling oxygen levels within the sediment.
Along with a reduction in meiofaunal density, MPB biomass also decreased during floods in the Norman River Estuary, but not to the same extent. This was likely a result of prolonged reductions in salinity causing physiological stress, as well as increased sediment movement burying or removing MPB from intertidal mudflats. Consistent with the meiofaunal response, MPB biomass in our study was positively correlated with salinity. However, this contrasted a lack of reduction of MPB biomass exposed to fresh water for 7 d in the salinity experiment. In the shortterm study, benthic oxygen fluxes also remained unchanged when exposed to freshwater salinity for 23 h. This suggests that at least in the short term, MPB on estuarine intertidal mudflats are able to withstand a sudden reduction in salinity from ≥35 to 0. Positive correlations between salinity and chl a have been found in numerous other studies, supporting the theory that estuarine MPB cannot withstand low salinity for long periods (Ansari et al. 2001 , Perissinotto et al. 2006 , Pillay & Perissinotto 2009 ). The resilience of MBP to short-term low salinity may mean that in years of low wet season flow, any reduction in MPB biomass during floods may be minimal. This is supported by studies of other tropical Australian estuaries with lower flood intensities, where MPB biomass was relatively unchanged during flood events (Alongi 1994) . Although the chl a concentrations varied between the wet and dry season, the proportion of algal groups (as measured by chl b and chl c concentrations) did not vary. Therefore, at the resolution of algal group, there was no obvious effect of salinity changes, although there may have been changes at a species level that would have gone undetected in our study.
Sampling for MPB was conducted at low tide in our study, so settled phytoplankton cells were also likely to be present on the mudflats. Our analytical methods precluded separation of the contribution of MPB and phytoplankton cells; however, both provide a food source for meiofauna. Additionally, studies of phytoplankton in the same system during the same time period by Burford et al. (2012) showed that phytoplankton biomass and productivity were also affected by flooding in both years. The study by Burford et al. (2012) showed that phytoplankton chl a concentrations were also relatively low throughout the year, typically less than 10 µg l −1 , so the contribution to benthic chlorophyll measures is unlikely to be major.
In addition to, and in combination with, the effects of reduced salinity, movement of sediment (scouring and deposition) during increased freshwater flow can also impact the MPB community of intertidal mudflats through burial and/or removal of MPB biomass (Mitbavkar & Anil 2006) . Deposition of sediment transported downstream in flood waters was observed on the mudflats in our study, and burial in a sediment depth of 4 cm was shown experimentally to significantly reduce microphytobenthic biomass, with no significant impact of low levels of burial (1 cm), suggesting that these biota have some ability to withstand low levels of sediment deposition. This is consistent with the literature, which suggests MPB are able to migrate vertically within the sediment to take advantage of changing conditions (Pinckney et al. 2003 , Kromkamp et al. 2006 , Koh et al. 2007 ). MPB migration is often reported in the scale of mm, which indicates that burial in a sediment depth of 4 cm may be beyond the range of their migration abilities.
Light availability is also known to be important in regulating MPB biomass and productivity in surface sediments of intertidal mudflats, with the depth to which light can penetrate the sediment largely determined by a combination of sediment type, the depth of water above the sediment and the turbidity of the water (Perissinotto et al. 2006 ). In our study, light availability did not vary greatly between seasons. However, as a result of the large volume of water flowing through the estuary during the wet season, intertidal mudflat exposure at low tide was absent or reduced during the 2 floods. The euphotic depth remained at approximately 0.9 m throughout the floods, so much of the mudflat would still have received some light (Burford et al. 2012) . Therefore, although light availability was reduced, it was still sufficient for cell maintenance. Overall, the lack of exposure at low tide and the subsequent reduced light availability during wet season flooding, combined with reduced salinity and increased sediment movement through high flow rates, is likely to have contributed to the reduced MPB biomass. However, MPB biomass during wet season flooding was still relatively high compared to other systems (Alongi 1987 , Montani et al. 2003 , Pinckney et al. 2003 , Nozais et al. 2005 , Perissinotto et al. 2006 , Burford et al. 2008 . This may indicate a benthic algal community that is highly adapted to extended periods (i.e. months) of freshwater and low light availability. Al though biomass during flooding was still relatively high, in the short-term study during minor flooding, benthic primary production was reduced, consistent with negative salinity effects and low light conditions. However, we acknowledge that primary production measurements were based on one sampling occasion. Consistent with the overall study, a wet season study of a wet-dry tropical estuary in India also found lower MPB biomass in the low intertidal zone than in the high intertidal zone, which was attri buted to re duced light availability as a result of de creased tidal flat exposure (Mitbavkar & Anil 2006) .
Our study showed that freshwater flow in a wetdry tropical estuary had negative effects on MPB biomass and meiofaunal abundance during wet season flooding. Additionally, respiration increased and primary productivity decreased in a short-term study. However, post-flow there were positive effects on both biotic components, with MPB biomass in particular increasing substantially after flooding. Based on the study of 2 flood events (1 major, 1 minor), 3 distinct periods of response in the estuary are proposed: (1) a dry season where salinity was high (> 30), tidal influences were strong, there was no downstream freshwater flow and MPB biomass and meiofaunal abundance were moderate. The dry season was followed by (2) a summer wet season where salinity was low (< 5), tidal influences were absent or reduced and large volumes of fresh water flowed through the estuary as a result of monsoonal rainfall. The wet season associated with the major flood lasted 3 mo and with the minor flood, 2 mo. During both wet seasons, MPB biomass and meiofaunal abundance were significantly reduced. The final season was (3) a transitional period between the wet and the dry, where flooding was decreasing, salinity was consistently increasing (but still < 30), and MPB biomass and meiofaunal abundance were high. The transitional period after both floods lasted for approximately 3 mo.
These flow regimes are consistent with the proposed wet season-dry season flow regimes of Eyre & Ferguson (2006) . In their study of biogeochemical processes and MPB biomass in a subtropical estuary, Eyre & Ferguson (2006) proposed that there were 4 phases: the first, a flood peak where freshwater inflow is at its highest, salinity is reduced and internal biological processes were mostly eliminatedmuch like the wet season in the Norman River Estuary. The flood event was short and the estuary started to recover 2 to 3 d following the flood peak. The second phase was 1 wk after the flood peak where MPB biomass was low, which was followed by an increase in MPB biomass in the third phase, 2 wk after the flood peak, equivalent to the transitional period in the Norman River Estuary. A key distinction of the Norman River Estuary study was the 2 to 3 mo wet season, compared to the shorter flood of less than 1 wk in the smaller, subtropical estuary studied by Eyre & Ferguson (2006) .
Our study has provided new insights into the response of benthic biota to the extreme hydrological variability characterising the wet-dry tropics. The transitional period between the wet and dry season was found to be an important recovery period in the estuary, where MPB biomass and meiofaunal abundance increased substantially after wet season flooding -and persisted for more than 6 mo after a major flood in the case of MPB biomass. This suggests that there may be a delayed positive response to the input of sediments and associated nutrients to the estuary during wet season flooding, and the duration of the response may be related to the scale of the flood. Further study is needed to determine if the scale of flooding subsequently affects the scale and timing of response, with larger floods likely to have a delayed positive response that persists for longer periods. 
